I dentification of hazardous materials, such as explosives, from a safe distance in a non-destructive manner has challenged the scientific community because of the requirement for high selectivity, sensitivity and speed. We have recently adapted a single-beam technique for coherent anti-Stokes Raman scattering (CARS) for standoff detection. By probing the characteristic Raman signals, we have identified individual compounds and mixtures of isomeric species in solid, liquid and gaseous states at a 12-m distance. 1 Developed by Silberberg's group for microscopic imaging, 2 the single-beam CARS technique has several favorable features that make it promising for standoff detection applications. In contrast with other CARS schemes, which use up to three laser beams to induce the pump, Stokes and probe transitions, singlebeam CARS relies on a single ultra-broad bandwidth pulse (>110 nm) to coherently excite the molecular vibrations and to detect their motion. This eliminates the complexity of ensuring accurate spatial and temporal overlap between the different beams.
This novel approach requires measurement and pre-compensation for spectral phase distortions caused by optics to optimize the bandwidth generation process in the hollow waveguide, and once again to compensate for the group delay dispersion caused by air, which becomes substantial at remote distances. To accomplish this, we used the multiphoton intrapulse interference phase scan (MIIPS) approach in the two shapers, shown in part (a) of the figure. 5 The improvement in the CARS signal resulting from compensation of the acquired chirp is more than an order of magnitude. 1 The contributions from the nonresonant, nonlinear optical background signal are greatly reduced using phase and polarization pulse shaping. 3 This allows the detection of the desired resonant Raman signal, which carries the molecular vibrational information. In addition, individual molecular vibrations can be excited using specially designed binary phase functions that optimize quantum coherent control. 4 Vibrational mode selectivity, as shown in part (b), can be used for discriminating among different compounds in a complex mixture with maximum background suppression.
Data acquisition speed is an important component in standoff detection methods because the target, the background, and/or the instrument might be in motion. In part (c), six consecutive single-laser-shot spectra, taken 8 ms apart using 10 mJ per pulse, demonstrate the sensitivity, reproducibility and speed of single-beam CARS. 1 Single-beam CARS has demonstrated the sensitivity, background discrimination and detection speed required for standoff chemical identification. By accurately delivering phase-shaped ultra-broad bandwidth pulses, one can still obtain maximum coherent enhancement of the signal. The gain in efficiency reduces the required laser power, resulting in safe and non-destructive standoff detection. We look forward to testing these capabilities at longer distances as well as extending their application to biomedical imaging. t 
Shaped Femtosecond Pulses for Remote Chemical Detection
Ori Katz, Adi Natan, Salman Rosenwaks and Yaron Silberberg T he vibrational spectrum of molecules can be used to detect hazardous materials at standoff distances. One of the best optical pathways for revealing a molecule's vibrational spectrum is through coherent anti-Stokes Raman scattering (CARS) nonlinear spectroscopy. In CARS, a molecule's vibrational modes are excited into motion by the simultaneous interaction of pump and Stokes photons. This excitation is subsequently probed by a narrow-frequency probe beam, and the vibrational level energies are resolved by measuring the amount of blue-shift of the scattered anti-Stokes photons.
CARS has become the method of choice in nonlinear optical spectroscopy and microscopy. However, due to its multi-wavelength nature, it is typically carried out as a multi-beam, multi-source technique. The need to maintain spatial and temporal overlap of the beams set hurdles on its use as an applicable tool outside the laboratory.
We recently reported our demonstration of a single-beam coherently controlled femtosecond pulse CARS technique for remote detection and identification of minute amounts of solids and liquids at a standoff (>10 m) distance. 1 We have succeeded in rapidly resolving the vibrational spectrum of trace amounts of contaminants, such as explosives and nitrate samples, from the weak backscattered photons under ambient light conditions. In our single-beam technique, we carried out the multiplex measurement of characteristic molecular vibrations using a single broadband phase-shaped femtosecond laser pulse, which supplies the pump, Stokes and probe photons simultaneously. 2, 3 Naturally, the wide bandwidth of the femtosecond pulse limits the spectroscopic resolution. However, through careful spectral-phase shaping, we selected a narrowband probe within the wide pulse spectrum and maintained a spectroscopic resolution more than 30 times better than the pulse bandwidth. Li et al. reported similar findings using spectral polarization-shaping. 4 A main difficulty in using ultrashort, high-peak-power pulses for nonlinear spectroscopy arises from the strong nonresonant four-wave-mixing signal, which in most cases obscures the vibrationally resonant CARS signal. In our phasecontrast technique, instead of struggling to eliminate this strong nonresonant background, we harnessed its coherent nature to amplify the weak, backwardscattered vibrationally resonant radiation by interfering them together coherently. The combination of the considerable amplification in resonant signal and the polarization insensitivity within a multiplex single-beam scheme make it attractive for standoff probing applications.
Furthermore, femtosecond CARS spectroscopy exhibits higher efficiency at low average powers compared to the longer (ns) pulses used in conventional CARS techniques-a merit for the nondestructive probing of sensitive samples such as explosives. t
